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Abstract

Marble has a great potential to understand a history of various geological events
occurring during tectonic processes. In order to decode metamorphic-metasomatic
records on C-O isotope compositions of marble at mid-crustal conditions, we con-
ducted a C-O-Sr isotope study on upper amphibolite-facies marbles and a
carbonate-silicate rock from the Hida Belt, which was once a part of the crustal
basement of the East Asian continental margin. Carbon and oxygen isotope analyses
of calcite from marbles (Kamioka area) and a carbonate-silicate rock (Wadagawa
area) show a large variation of §*3C [VPDB] and 680 [VSMOW] values (from —4.4
to +4.2 %o and +1.6 to +20.8 %o, respectively). The low 8'3C values of calcites from
the carbonate-silicate rock (from —4.4 to —2.9 %o) can be explained by decarbon-
ation (CO, releasing) reactions; carbon-oxygen isotope modeling suggests that a
decrease of 8'°C strongly depends on the amount of silicate reacting with carbon-
ates. The occurrence of metamorphic clinopyroxene in marbles indicates that all sam-
ples have been affected by decarbonation reactions. All §'80 values of calcites are
remarkably lower than the marine-carbonate values. The large 6§80 variation can be
explained by the isotope exchange via interactions between marble, external fluids,
and/or silicates. Remarkably low 880 values of marbles that are lower than mantle
value (~+5 %o) suggest the interaction with meteoric water at a later stage. Sr iso-
tope ratios (375r/8°Sr = 0.707255-0.708220) might be close to their protolith values.
One zircon associated with wollastonite in a marble thin-section yields a U-Pb age of
222 + 3 Ma, which represents the timing of the recrystallization of marble, triggered
by H,O-rich fluid infiltration at a relatively high-temperature condition. Our isotope
study implies that the upper amphibolite-facies condition, like the Hida Belt, might be
appropriate to cause decarbonation reactions which can modify original isotope com-

positions of marble if carbonates react with silicates.
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1 | INTRODUCTION

Sedimentary carbonate-rich rocks are often found in a continen-
tal platform, and the metamorphosed equivalents occur as lenses
and discontinuous layers of marble in various orogenic belts
since the early Archean (e.g., Yoshida et al., 2021). Tectono-
metamorphic and metasomatic processes in orogens change not
only textures, mineral assemblages and chemical compositions,
but also the isotope compositions of marble (e.g., Castelli, 1991;
Kato et al., 1997; Liu et al., 2015; Ogasawara et al., 2000; Omori
et al., 1998; Proyer et al., 2008; Schumacher et al., 2008; Tang
et al., 2006; Wan et al., 2020). Hence, the geological, petrologi-
cal, and geochemical records of marble can be used as a reliable
proxy of carbonate-involved processes such as carbonate-sili-
fluid-

mediated mineral dissolution, and reprecipitation of carbonate

cate-fluid interaction, metamorphic decarbonation,
minerals.

In general, sedimentary carbonate (or carbonate-dominant)
rocks are divided into seamount carbonate and continental plat-
form carbonate (cf., Ernst, 1974; Liou et al., 2004; Maruyama
et al.,, 1996). The former represents fossilized coral reefs con-
sisting mainly of a nearly pure limestone. On the other hand, the
latter one is thick calcareous deposits at a continental platform
area; it generally contains a certain amount of terrigenous sedi-
mentary components, typically silicate minerals. In either case,
sub-solidus reactions between carbonates and silicates play an
important role in CO, behaviors in crustal rocks. It has been well
known that stable carbon and oxygen isotope compositions of
rocks change systematically with decarbonation reactions
(e.g., Rumble, 1982; Valley, 1986). Stable C-O isotope studies
on marble have been conducted in various metamorphic ter-
ranes. Some eclogite-facies marbles from the Sulu-Dabie Ter-
rane, China, preserve the C-O isotope compositions of their
protoliths (Rumble et al., 2000). In contrast, the C-O isotope
compositions of diamond-bearing dolomite marbles of the
Kokchetav Massif, Kazakhstan, have been modified by the fluid
alteration during their exhumation (Ohta et al., 2003). The C-O
isotope evidence of granulite-facies marbles from the Litzow-
Holm Complex, East Antarctica, shows the fluid-rock interac-
tions in various stages of regional metamorphism (Satish-Kumar
et al., 2010). In contact metamorphic aureoles, many C-O iso-
tope studies of marble have been performed to understand the
systematics of decarbonation reactions during skarn formations
and its fluid-rock interactions (e.g., Bickle & Baker, 1990;
Gerdes et al.,, 1995; Nabelek et al., 1984; Nabelek &
Morgan, 2012; Roselle et al., 1999).

In this study, we investigated C-O-Sr isotope variations of
upper amphibolite-facies marbles and a carbonate-silicate rock
from the Hida Belt (Figures 1 and 2). The Hida marble records a
Permo-Triassic tectono-metamorphic evolution at a mid-crustal
condition (e.g., Jin & Ishiwatari, 1997; Suzuki et al., 1989). Based
on C-O-Sr isotope analyses, we show isotope variations and

trends with geochemical and geological interpretations. Our new
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FIGURE 1 (a) Tectonic framework of East Asia. Gray areas are
pre-Jurassic accretionary complexes in Japan. Banks and plateaus
(surrounded by a dotted line), and spreading axes (gray lines) of the
Japan Sea are also shown. The map is modified after Tsujimori and
Liou (2005) with compilations of maps proposed by Baba and
Yoshida (2020), Isozaki (2019), Khanchuk et al. (2016), Xu

et al. (2014), Yanai et al. (2010), Yao et al. (2019), Zhai et al. (2019),
Zhang et al. (2020), Zhao et al. (2005), Zhao et al. (2001), and Zhou
and Li (2017). (b) Simplified geological map of the Hokuriku region,
showing locations of the Kamioka area and the Wadagawa area
(modified after Tsujimori, 2002). Hd, Hida Belt; HG, Hida-Gaien Belt;
I.S.T.L., Itoigawa-Shizuoka Tectonic Line; M-T, Mino-Tamba Belt; Ry,
Ryoke Belt

data aim to contribute to the understanding of crustal evolution
of the Hida Belt, as well as, the East Asian continental margin dur-

ing the Permo-Triassic period.
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FIGURE 2 (a) A geological map of the Wadagawa area showing a
sample locality (modified after Suwa et al., 1981). (b) A geological map
of the Kamioka area, showing sample localities (modified after Sakurai
et al., 1993). Zircon U-Pb ages showing together with reference:

[1] Migmatitic rock (so-called “Inishi”’-type migmatite) of Sakoda

et al. (2006). [2] Banded gneiss of Takehara and Horie (2019).

[3] Granitic mylonite of Takehara and Horie (2019). (4) Undeformed
granite of Takehara and Horie (2019)

Mineral abbreviations in this paper follow Whitney and
Evans (2010).

2 | GEOLOGICAL BACKGROUND
21 | Geology of the Hida Belt

The continental crust which forms the Japanese Islands is the product
of a protracted active Pacific-type orogen resulting from subduction,
oceanward-accretion, and landward-erosion, which began in the
early-Paleozoic (e.g., Ernst et al., 2007; lIsozaki, 1996; Isozaki
et al., 2010; Maruyama, 1997; Maruyama et al., 1997). Most base-
ment components of the Japanese Islands have been considered to
have grown along the Cathaysia Block of the South China Craton
(i.e., “Greater South China,” Isozaki, 2019; Isozaki et al., 2014, 2015,
2017). However, the Hida Belt (Figures 1 and 2) is regarded to have
the North China Craton affinity (e.g., lIsozaki, 1997; Isozaki
et al., 2010).

The Hida Belt of central Japan (Figures 1 and 2) is a continental
fragment, which was once a part of a crustal basement of the East
Asian continental margin prior to the opening of the Japan Sea in the
Miocene (e.g., Hiroi, 1981; Isozaki, 1996, 1997; Maruyama
et al., 1997; Wakita, 2013). It consists mainly of Permo-Triassic
granite-gneiss complexes with impure marble, calc-silicate rock,
amphibolite, migmatite, granitic gneiss and minor high-aluminous
pelitic schist (cf., Ehiro et al., 2016). These gneissose and granitic rocks
are unconformably covered by the Cretaceous Tetori Group sedi-
ments with some clasts derived from the basement (e.g., Sano &
Yabe, 2017; Tsujimori, 1995). The timing of the amphibolite- to
granulite-facies regional metamorphism and related igneous activity
has been dated as ~260-230 Ma (e.g., Horie et al., 2018; Sano
et al., 2000; Takahashi et al., 2018). Although the direct depositional
age of the protolith of paragneiss is unclear, Late Carboniferous fossils
of foraminifera and bryozoa were found in the low-metamorphic
grade marble from the Unazuki “sub-belt” of the Hida Belt (Hiroi
et al., 1978). The youngest zircon core age of the paragneiss is
~275 Ma (Takahashi et al., 2018). Based on the cross-cutting and
deformational relationships, granitic rocks in the Hida Belt (including
their metamorphic equivalents) have been grouped into two types:
older mostly deformed syn-metamorphic granitic rocks of ~250-
240 Ma and younger undeformed granitic rocks of ~200-190 Ma
(Kano, 1990a, 1990b; Takahashi et al., 2010; Takehara & Horie, 2019;
Zhao et al., 2013). The SHRIMP zircon U-Pb dating of a pyroxene
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gneiss from the Amo area has given a Paleoproterozoic concordant
detrital age of ~1.84 Ga and Archean upper intercept ages of ~3.42
and ~2.56 Ga (Sano et al., 2000). Detrital zircons from pelitic gneiss
of the Tateyama area have a strong age peak at ~1.8 Ga (Takahashi
et al., 2018). Such Orosirian zircons are widespread in East Asian con-
tinental basements (e.g., Geng, 2015; Kim et al, 2020; Zhao &
Zhai, 2013) as well as many continental shields as fragments of the
Columbia/Nuna supercontinent (e.g., Ganbat et al., 2021). Moreover,
Horie et al. (2010, 2018) reported Eoarchean-Paleoproterozoic
inherited zircons in granitic rocks from the Unazuki “sub-belt.”

The Kamioka area (Figure 2b) is located on the central part of the
Hida Belt. In the area, there is the Pb-Zn ore deposit of the Kamioka
Mine (e.g., Kunugiza, 1999; Morishita, 1999; Nakano et al., 1997;
Omori & Mariko, 1999) which has been formed at ~60 Ma (Nagasawa
& Shibata, 1985; Sato & Uchiumi, 1990). The overall structure of the
Kamioka area is characterized by the NS to NE-SW axis fold structure
with wavelength of 1-2 km (Kano, 1982; Sohma & Akiyama, 1984).
This area consists mainly of granitic and metamorphic rocks such as
marble, calc-silicate rock, migmatite and amphibolite. They thrust over
the Cretaceous Tetori Group sediments at the northern part of the
Kamioka area. The eastern and southern parts of this area are mainly
composed of granitic rocks. The carbon isotope geothermometry for
coexisting graphite and calcite gives a peak metamorphic temperature
of ~600-700 °C (Wada, 1977). The Funatsu Shear Zone, which con-
sists of mylonitic granites and augen gneisses, is located between
gneissose and granitic rocks (e.g., Kano, 1973, 1983; Komatsu
et al., 1993). The SHRIMP U-Pb zircon dating of the deformed and
undeformed granitic rocks suggests that the mylonitization occurred
between 240 Ma and 199 Ma (Takahashi et al.,, 2010; Takehara &
Horie, 2019). The younger granitic rocks intruded into the older gra-
nitic rocks, and the hornfels-like texture of the older granitic rocks at
the boundary suggests a contact metamorphism by the younger gran-
ite activity (Kano & Watanabe, 1995).

The Wadagawa area (Figure 2a) is located at ~20 km north of the
Kamioka area. The metamorphic lithologies of this area consist mainly
of marble, calc-silicate rock, amphibolite and migmatite (Suwa
et al,, 1981). The calc-silicate rock is distributed adjacent to marble.
Granitic rocks intruded into gneissose rocks at southern and western
parts of this area. In northern part of the Wadagawa area, these
gneissose and granitic rocks are unconformably overlain by the Tetori
Group sediments. Pelitic gneisses contain the mineral assemblage of
sillimanite + K-feldspar and corundum + K-feldspar (Asami, 1979), and
the garnet-biotite geothermometry indicates ~700°C at ~0.4-
0.7 GPa (Suzuki et al., 1989).

2.2 | Metacarbonate rocks in the Hida Belt

In the Hida Belt, a large amount of marble occurs accompanying
gneissose rocks (Kano, 1998). The protolith of the Hida marble has
been regarded to be continental platform carbonates
(e.g., Isozaki, 1996, 1997; Sohma & Kunugiza, 1993). Most of the Hida

marble consists mainly of calcite (i.e., calcite marble) with a minor

amount of clinopyroxene, quartz, and titanite. Dolomitic marble which
consists mainly of Mg-calcite and dolomite is rare; it contains Mg-rich
silicates such as forsterite, tremolite, clinohumite, and serpentine
(Kano, 1998; Suzuki, 1959). The calcite-dolomite solvus thermometry
from the calcite-dolomite intergrowth gives a temperature ~600 °C
(Imai et al., 1977; Kano, 1998). Wada and co-authors performed
microscale C-O isotope analyses for calcites in marble from the Hida
Belt. Microscale C-0 isotope zoning was confirmed in calcite crystals
near the calcite-calcite and calcite-graphite grain boundaries
(Wada, 1988). Arita and Wada (1990) found a sharp decrease of 580
values in calcite crystals near grain boundaries (oxygen isotope
trough), and they suggested that such an isotope feature had been
formed by the isotope exchange with metamorphic fluids which were
provided from a granitic pluton. Based on a systematic correlation
between 580 depletion along calcite-calcite grain boundaries and Mn
and Sr concentrations, Graham et al. (1998) estimated a cooling rate
after amphibolite-facies conditions.

It is suggested that the tectonic mingling of different types of
rocks formed new lithological variations in the Hida Belt (Kunugiza
et al., 2010; Kunugiza & Kaneko, 2001). The mingling of marble and
orthogneiss formed diopside-hedenbergite series clinopyroxene, and
the subsequent infiltration of H,O-rich fluids, which were mainly
derived from granitic rocks, formed grossular garnet. It has generated
a carbonate-silicate rock which contains a “skarn-like” mineral assem-
blage. Diopside and grossular garnet are formed via following
reactions.

CayMg;5SigO2,(OH), +3CaCO; + 25i0;

Tremolite Calcite Quartz
— 5CaMgSi, O¢ +3CO, + H,0 (1)
Diopside

CaAl;Si; Og +2CaCO;3 + Si0, — CazAl,ySiz 04, +2C0O, (2)

Anorthite Calcite Quartz Grossular

In the Hida Belt, metallogenic explorations with drill cores were
performed by the Metal Mining Agency of Japan (MMAJ) and Ministry
of International Trade and Industry (MITI) including C-O isotope com-
positions of calcites around the Kamioka area, and their isotope com-
positions show large variations. Although project reports of the MITI
and MMAJ (MMAJ, 1995; MITI, 1989, 1992, 1993, 1996, 1997,
1998a, 1998b, 1999, 2000) include many stable isotope data, they
lack petrological information corresponding to isotope data and tec-

tonic implications.

3 | SAMPLE DESCRIPTIONS

Investigated samples were selected from eight drill cores which were
dug by MITI and MMAJ at the Kamioka area, Gifu Prefecture
(Figure 2b); sample selection was based on previous petrological stud-
ies by Kunugiza and Kaneko (2001) and Kunugiza et al. (2010). We
also investigated one rock sample collected at a surface exposure in

the Wadagawa area, Toyama Prefecture (Figure 2a). Based on the
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lithological features including mineral assemblage and mineral compo-
sitions (see detail in Section 5.1), we grouped the samples into five
lithological types (Type 1-5: Table 1).

Type 1-4 samples are marbles from drill cores from the Kamioka
area. Type 5 is a carbonate-silicate rock (KK-HD-XAXB) (Figure 3a)
collected from an outcrop at a construction site of the check dam in
the Wada River, Toyama Prefecture (Figure 2a). Type 5 carbonate-
silicate rock is closely associated with diorite, and this type of sample
has been described in previous studies (Kunugiza et al., 2010;
Kunugiza & Kaneko, 2001).

4 | METHODS

4.1 | Carbon and oxygen stable isotope analysis of
calcite

Micro-sampling technique using a hand-held needle drill was applied
to analyze C-O stable isotopes. We used a hand-held drill with a clean
diamond-tipped drill-bit (0.4 or 1.0 mm in diameter) to mill the target
spots under a binocular microscope. To avoid contamination, each tar-
get was sampled after mechanical abrasion of surface. We also con-
ducted X-ray diffraction analyses, using a Phillips X'pert-MPD
PW3050 XRD at Tohoku University, for sample powders (101 sam-
ples). The XRD analyses confirmed the absence of dolomite peaks on
their X-ray diffractometer patterns. Thus, we regarded that analyzed
all carbonates are calcite. Recovered sample powders (~0.1 mg) were
reacted with 100 % phosphoric acid at ~72 °C, and the isotope com-
positions were measured with a Thermo Fisher Delta V isotope ratio
mass spectrometer equipped with a ThermoQuest Kiel-lll automated
carbonate device, at Tohoku University. Although some samples con-
tain silicate minerals, they are almost insoluble in 72 °C phosphoric
acid. Therefore, the effect of silicate minerals for isotope composi-
tions is negligible. The isotope ratios were expressed in conventional
(8 %o) notation and calibrated to the NBS-19 international standard,
relative to Vienna Pee Dee Belemnite (VPDB). The external precisions
(16) for the carbon and oxygen isotope analyses based on replicate
measurements (n = 47) of the laboratory reference materials JCp-1
were 0.03 and 0.04 %o, respectively. §*0 [%o VPDB] is converted to
5180 [%o VSMOW] by using the Coplen et al.'s (1983) equation.

4.2 | Srisotope analysis of calcite

Samples were cut into several millimeters chips and surface was
polished. Then, washed rock chips were crushed using an alumina
mortar. Prepared samples were dissolved in 2 N HCI at room tempera-
ture overnight. Strontium dissolved in the solution was separated
chromatographically using cation exchange resin (Bio-Rad AG 50W-
X12; 200-400 mesh). Separated Sr was loaded onto degassed single
W filaments along with Ta activator, and the Sr isotopes were mea-
sured using a thermal ionization mass spectrometer (TIMS: Finnigan

MAT-262) at Okayama University. The 875r/8¢Sr measurements were

Summary of petrological characteristics of five lithological types of samples

TABLE 1

Remark

Silicates (vol%)

Mineral assemblage

Lithology

Locality

Depth (m)

Core name

Type

Adjacent to calc-silicate rocks

<1
<1

~20-25

Cal, +Cpx, tAmp

Pure marble

Nagato

627, 631, 647

90.7
575

45EANG-1

Type 1

Adjacent to calc-silicate rocks

Cal, +Cpx, £Ttn

Pure marble

Atotsu

1MAHAU-6
1MAHI-1

Cal, Afs, Cpx, Qz, £PI, +Grs, +Wo, +Ep, +Ttn, +Zrn
Cal, Afs, Cpx, +Qz, +PI, +Ep, +Ttn, +Scp, +Gr

Cal, +Cpx

Impure marble

Inishi

Type 2

~10

Impure marble

584.6 Inishi

582

1MAHI-1

Adjacent to quartzo-feldspathic rock

<1
~5-10
~85-90

Pure marble

Inishi

1MAHI-1
57HA-2

Type 3

Cal, Qz, Cpx, +Amp, =Ep, +Grs +Ttn, +Gr
Cpx, Grs, Cal, Prh, PI, £Ep, +Qz, +Ttn

Atotsu Impure marble

501.5

Type 4

Carbonate-silicate rock

Wadagawa

Surface exposure

Type 5

Note: See details in text.
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FIGURE 3 (a) Photograph of Type 5 carbonate-silicate rock. (b) C-O isotope analyses spot and isotope compositions of 1MAHI-1-584.6M
sampled by a 0.4 mm diameter drill. Upper values are 5*3C [%o VPDB], and lower values are 580 [%. VSMOW]. (c) C-O isotope analyses spot
and isotope compositions of KK-HD-XAXB sampled by a 0.4 mm diameter drill. (d) C-O isotope analyses spot and isotope compositions of
1MAHI-1-575M sampled by a 1 mm diameter drill. (€) C-O isotope analyses spot and isotope compositions of 45EANG-1-627M sampled by a
1 mm diameter drill
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FIGURE 4 (a) Crossed-polarized light (XPL) image of silicates-poor Type 1 marble (45EANG-1-647M). (b) XPL image of silicates-rich Type

2 marble (1IMAHI-1-575M). (c) XPL image of wollastonite-rich part of Type 2 marble. Zircon and ekanite occur in this part. (d) XPL image of Type
3 marble with quartzo-feldspathic rock (IMAHI-1-582.0M). (e) XPL image of Type 4 marble (57HA-2-501.5M). (f) XPL image of Type

5 carbonate-silicate rock (KK-HD-XAXB)
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normalized to the #Sr/8Sr ratio of 8.375209. The 875r/%%Sr ratio of
the NIST987 during the study was
0.710231 + 0.000027 (2c). The blank levels were 37 pg and were

considered negligible for the Sr isotope analysis.

course of this

43 | Zircon U-Pb dating

In situ zircon U-Pb dating was carried out in Okayama University of
Science by using a Thermo Fisher Scientific iCAP-RQ single-collector
quadrupole ICPMS coupled to a Teledyne Cetac Technologies Analyte
G2 ArF excimer laser ablation (LA) system equipped with a HelEx
2 volume sample chamber. The LA of zircon was conducted at the
condition of laser spot size of 25 um with fluence of 1.8 J/cm? and
repetition rate of 5 Hz. Other conditions of LA-ICPMS method are
referred to Aoki et al. (2019, 2020).

5 | RESULTS

5.1 | Petrography

Petrological features of each lithological group are described below.
All investigated samples show no remarkable foliations and commonly
show granoblastic texture. Representative electron microprobe (WDS
and EDS: wavelength- and energy-dispersive X-ray spectroscopy) ana-

lyses results of clinopyroxenes are shown in Table S1.

511 | Type 1 marble

Marbles from 45EANG-1-627M, 45EANG-1-631M, and 45EANG-
1-647M are composed mainly of coarse-grained calcite (up to ~5 mm
in size) (Figure 4a). Subhedral clinopyroxene (Mg# [= Mg/(Mg + Fe?
" = 0.64-0.92), Ca-amphibole, quartz, apatite, and secondary
prehnite occur as accessory minerals. 1IMAHAU-6-90.7M is a grayish
marble consisting mainly of coarse-grained calcite (up to ~5 mm in
size) with a small amount of clinopyroxene and titanite. Euhedral
titanites (up to ~1 mm, mostly ~0.2-0.3 mm in length) occur at the
boundary with an adjacent calc-silicate rock. Ca-amphibole, apatite

and graphite are observed as accessory minerals.

512 | Type 2 marble

1MAHI-1-575M is a silicate-rich, heterogenous, impure marble that
consists mainly of calcite, K-feldspar, clinopyroxene (Mg# = 0.55-
0.76) and quartz, with a small amount of plagioclase, grossular garnet
(grso4_99), wollastonite, epidote, titanite, and secondary prehnite
(Figure 4b). Apatite, graphite and a very minor amount of zircon,
ekanite, galena, and sphalerite are observed as accessory minerals.
Most of calcite grains are ~0.5 mm and ~2-3 mm in size. Subhedral

clinopyroxene crystals occur with a wide range in size (up to

~2.5 mm) and sometimes as porphyroblast containing calcite inclu-
sions. Grossular garnet occurs commonly at the boundary between
plagioclase and calcite. Wollastonites occur locally and are associated
with calcite and quartz (Figures 4c and 6a). Zircon and ekanite occur
in the wollastonite-rich part (Figure 4c). Titanites also occur together
with wollastonites. 1IMAHI-1-584.6M is an impure marble that con-
sists mainly of calcite, K-feldspar and clinopyroxene (Mg# = 0.68-
0.94) with a small amount of quartz, plagioclase, epidote, titanite, and
secondary prehnite. Apatite, scapolite, allanite, and graphite are
observed as accessory minerals. Calcite occurs mainly as coarse-
grained crystals (~2-5mm in size). K-feldspar occurs as coarse-
grained crystals (~2-5 mm in size) and often contains calcite, quartz,
clinopyroxene, and epidote as its inclusions. Clinopyroxene occurs as
coarse-grained subhedral crystals (~1-3 mm in size) and contains cal-
cite inclusions. It rarely occurs as fine-grained crystals (~0.2-0.3 mm

in size) and forms equigranular texture with quartz and calcite.

5.1.3 | Type 3 marble

1MAHI-1-582.0M is a marble adjacent to quartzo-feldspathic rock
(Figure 4d). The marble part consists mainly of calcite with a small amount
of clinopyroxene. In contrast, quartzo-feldspathic rock consists mainly of
quartz, K-feldspar and plagioclase with a small amount of calcite, cli-
nopyroxene (Mg# = 0.47-0.57), Ca-amphibole, epidote, and secondary
chlorite. Titanite, apatite, and allanite are observed as accessory minerals.
K-feldspar occurs as coarse-grained crystals (up to ~5 mm in size) and
contains quartz and calcite inclusions. Subhedral clinopyroxene crystals
occur mainly near the boundary of quartzo-feldspathic rock and marble.
Calcite, quartz, and clinopyroxene show an equigranular texture (~0.5 mm
in size) near the boundary of marble and quartzo-feldspathic rock.

514 | Type 4 marble

57HA-2-501.5M is an impure marble, and it consists mainly of calcite,
quartz, and clinopyroxene, with a small amount of Ca-amphibole
(tremolite-actinolite), epidote, grossular garnet (grso), titanite, and graph-
ite (Figure 4e). Apatite, chlorite, and allanite are observed as accessory
minerals. Calcite occurs as anhedral crystals with a wide range in size
(~0.1-4 mm in size). Subhedral clinopyroxene shows dusty appearance
with a wide range in size (up to ~0.6 mm in size). It often grows on Ca-
amphibole and shows a wide range of Mg# (0.38-0.93). Clinopyroxene
Fe-rich

clinopyroxenes occur at secondary cracks and have high MnO content,

has relatively heterogeneous compositions. In general,

containing up to 3.3 wt%. Graphite occurs as elongate-shaped crystals
and reaches up to ~2 mm in length.

5.1.5 | Type 5 carbonate-silicate rock

Type 5 carbonate-silicate rock consists mainly of clinopyroxene

(Mg# = 0.43-0.54), grossular garnet (grsg4_93), calcite, prehnite, and
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TABLE 2 Carbon (8*3C) and oxygen (5120) isotope compositions of calcite

Analysis ID Sample name §3C [%o VPDB] 520 [%o VSMOW]
#0 45EANG-1-647M +3.72 +13.82
#1 45EANG-1-647M +3.67 +14.97
#2 45EANG-1-647M +3.36 +11.19
#3 45EANG-1-647M +3.63 +12.33
#4 45EANG-1-647M +3.33 +8.69
#5 45EANG-1-647M +3.41 +9.74
#6 45EANG-1-647M +3.88 +12.97
#7 45EANG-1-647M +3.88 +13.47
#8 45EANG-1-647M +3.68 +13.55
#9 45EANG-1-647M +3.42 +13.96
#10 45EANG-1-647M +3.66 +14.03
#11 45EANG-1-647M +3.48 +13.42
#12 45EANG-1-647M +3.75 +13.68
#13 45EANG-1-647M +3.05 +12.94
#14 45EANG-1-647M +3.41 +13.87
#15 45EANG-1-647M +3.91 +13.82
#16 45EANG-1-647M +3.39 +14.24
#17 45EANG-1-647M +3.77 +14.28
#18 45EANG-1-647M +3.68 +14.60
#19 45EANG-1-647M +3.73 +11.86
#20 45EANG-1-647M +3.66 +12.54
#21 45EANG-1-647M +3.47 +13.56
#22 45EANG-1-647M +3.62 +14.19
#23 45EANG-1-647M +3.13 +13.46
#24 45EANG-1-627M +3.54 +18.40
#25 45EANG-1-627M +3.47 +18.21
#26 45EANG-1-627M +3.54 +18.16
#27 45EANG-1-627M +3.55 +19.13
#28 45EANG-1-627M +3.55 +20.25
#29 45EANG-1-627M +3.47 +17.33
#30 45EANG-1-627M +3.61 +18.95
#31 45EANG-1-627M +2.87 +14.77
#32 45EANG-1-627M +3.62 +19.37
#33 45EANG-1-627M +3.56 +18.02
#34 45EANG-1-627M +3.66 +16.90
#35 45EANG-1-627M +3.29 +18.07
#36 45EANG-1-627M +4.19 +20.82
#37 45EANG-1-627M +3.27 +18.77
#38 45EANG-1-627M +2.80 +17.50
#39 45EANG-1-627M +2.62 +17.82
#40 45EANG-1-627M +2.31 +16.35
#41 45EANG-1-627M +2.14 +16.33
#42 45EANG-1-627M +1.62 +15.93
#43 45EANG-1-627M +2.53 +15.39
#44 45EANG-1-631M +2.78 +14.38
#45 45EANG-1-631M +2.80 +14.23

(Continues)



10 of 23 WI LEY—

TABLE 2

Analysis ID
#46
#47
#48
#49
#50
#51
#52
#53
#54
#55
#56
#57
#58
#59
#60
#61
#62
#63
#64
#65
#66
#67
#68
#69
#70
#71
#72
#73
#74
#75
#76
#77
#78
#79
#80
#81
#82
#83
#84
#85
#86
#87
#88
#89
#90
#91

(Continued)
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Sample name
45EANG-1-631M
45EANG-1-631M
45EANG-1-631M
45EANG-1-631M
45EANG-1-631M
45EANG-1-631M
1MAHI-1-582.0M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHI-1-584.6M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1IMAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M
1MAHAU-6-90.7M

HARADA ET AL.
513C [%o VPDB] 580 [%0 VSMOW]
+2.85 +14.04
+2.38 +13.30
+2.38 +13.37
+2.68 +13.68
+2.70 +14.48
+2.28 +14.30
-0.25 +14.10
+2.97 +14.65
+3.07 +14.58
+2.95 +14.94
+3.05 +15.04
+1.56 +15.16
+2.14 +16.35
+2.69 +14.76
+3.20 +16.79
+4.00 +17.59
+4.04 +18.39
+3.83 +18.09
+3.81 +18.76
+0.45 +18.83
+3.49 +18.30
+2.62 +13.08
+3.23 +14.58
+3.17 +14.00
+2.27 +12.31
+3.17 +13.99
+3.24 +14.41
+3.02 +14.38
+3.21 +14.39
+3.47 +14.27
+3.43 +14.51
+3.07 +14.17
+3.93 +14.06
+3.68 +14.20
+3.51 +14.21
+3.75 +14.18
+3.56 +14.46
+3.74 +14.27
+3.77 +14.08
+3.86 +13.68
+3.30 +13.81
+2.53 +14.03
+3.57 +13.81
+3.42 +13.90
+3.68 +13.58
+3.14 +13.31
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TABLE 2 (Continued)

Analysis ID Sample name §3C [%o VPDB] 520 [%o VSMOW]
#92 1MAHAU-6-90.7M +3.19 +13.59
#93 1MAHAU-6-90.7M +2.24 +13.22
#94 1MAHAU-6-90.7M +3.78 +13.85
#95 1MAHAU-6-90.7M +3.73 +14.02
#96 1MAHAU-6-90.7M +3.53 +13.50
#97 1MAHAU-6-90.7M +3.01 +13.40
#98 1MAHAU-6-90.7M +3.15 +13.25
#99 1MAHAU-6-90.7M +3.93 +13.17
#100 1MAHAU-6-90.7M +3.63 +13.85
#101 1MAHAU-6-90.7M +3.38 +13.86
#102 1MAHAU-6-90.7M +3.87 +13.95
#103 57HA-2-501.5M +3.07 +7.03
#104 57HA-2-501.5M +3.28 +8.19
#105 57HA-2-501.5M +3.07 +5.00
#106 57HA-2-501.5M +2.95 +8.91
#107 57HA-2-501.5M +2.64 +5.88
#108 57HA-2-501.5M +2.42 +5.27
#109 57HA-2-501.5M +3.90 +9.63
#110 57HA-2-501.5M +2.98 +9.24
#111 57HA-2-501.5M +2.61 +4.52
#112 57HA-2-501.5M +2.43 +8.96
#113 57HA-2-501.5M +2.60 +3.27
#114 57HA-2-501.5M +2.11 +5.06
#115 57HA-2-501.5M +2.02 +3.53
#116 57HA-2-501.5M +1.58 +4.52
#117 57HA-2-501.5M +1.33 +3.84
#118 57HA-2-501.5M +2.13 +8.00
#123 1MAHI-1-575M -0.10 +14.08
#124 1MAHI-1-575M -0.02 +13.23
#125 1MAHI-1-575M +1.37 +13.16
#126 1MAHI-1-575M +1.56 +13.68
#127 1MAHI-1-575M +1.97 +13.48
#128 1MAHI-1-575M +1.21 +13.63
#129 1MAHI-1-575M +0.58 +13.38
#130 1MAHI-1-575M +1.33 +13.74
#131 1MAHI-1-575M +1.37 +13.90
#132 1MAHI-1-575M +0.25 +13.21
#133 1MAHI-1-584.6M +0.20 +15.26
#134 1MAHI-1-584.6M +1.33 +15.11
#135 1MAHI-1-584.6M +3.99 +17.37
#136 1MAHI-1-584.6M +2.06 +15.99
#137 1MAHI-1-584.6M +2.87 +16.93
#138 1MAHI-1-584.6M +3.56 +17.07
#139 1MAHI-1-582.0M +0.82 +14.31
#140 1MAHI-1-582.0M +1.11 +14.15
#141 45EANG-1-647M +3.41 +13.64

(Continues)
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TABLE 2 (Continued)

Analysis ID Sample name §3C [%0 VPDB] 520 [%0 VSMOW]
#2-1 KK-HD-XAXB -4.30 +11.06
#2-2 KK-HD-XAXB -4.42 +11.41
#2-3 KK-HD-XAXB -4.02 +10.52
#2-4 KK-HD-XAXB -4.09 +10.57
#S1 KK-HD-XAXB -2.93 +9.65
#S2 KK-HD-XAXB -4.30 +10.52
#S3 KK-HD-XAXB -4.10 +10.31
#S4 45EANG-1-627M +3.53 +18.46
#S5 45EANG-1-627M +1.78 +15.29
#S6 45EANG-1-627M +3.63 +20.13
#S7 45EANG-1-631M +2.70 +13.19
#S8 45EANG-1-647M +3.51 +13.67
#S9 45EANG-1-647M +3.79 +12.62
#S10 57HA-2-501.5M +2.82 +6.10
#S11 57HA-2-501.5M +3.82 +10.44
#S12 57HA-2-501.5M +1.47 +3.94
#S13 1MAHI-1-575M +1.57 +13.63
#S14 1MAHI-1-575M +0.17 +13.22
#S15 1MAHI-1-575M +1.27 +13.55
#S16 1MAHI-1-582.0M -0.01 +13.95
#S17 1MAHI-1-584.6M +3.12 +14.43
#S18 1MAHI-1-584.6M +0.02 +15.48
#S19 1MAHI-1-584.6M +3.99 +17.60
#520 1MAHAU-6-90.7M +3.60 +14.09
#S21 1MAHAU-6-90.7M +3.37 +13.15
#S22 1MAHAU-6-90.7M +3.79 +13.48
#S23 1MAHAU-6-90.7M +3.62 +13.47
#S24 1MAHAU-6-90.7M +3.64 +13.54
#S25 45EANG-1-627M +1.89 +15.41
#S26 45EANG-1-627M +2.17 +16.16
#S27 1MAHI-1-584.6M +3.18 +18.36
#S28 1MAHAU-6-90.7M +3.98 +13.78
#201 1MAHI-1-584.6M +3.77 +17.78
#202 1MAHI-1-584.6M +3.62 +17.72
#203 1MAHI-1-584.6M +3.57 +15.26
#204 1MAHI-1-584.6M +3.75 +16.78
#205 1MAHI-1-584.6M +3.71 +16.88
#206 1MAHI-1-584.6M +3.00 +16.99
#207 1MAHI-1-584.6M +3.22 +16.98
#208 1MAHI-1-584.6M +3.20 +16.92
#209 1MAHI-1-584.6M +3.29 +17.47
#210 1MAHI-1-584.6M +3.30 +16.66
#211 1MAHI-1-584.6M +2.94 +16.94
#212 1MAHI-1-584.6M +3.10 +16.64
#213 1MAHI-1-584.6M +3.16 +16.97

#214 1MAHI-1-584.6M +2.91 +16.88
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TABLE 2 (Continued)
Analysis ID Sample name §3C [%o VPDB] 520 [%o VSMOW]
#215 1MAHI-1-584.6M +3.01 +16.42
#216 1MAHI-1-584.6M +3.23 +16.41
#217 1MAHI-1-584.6M +3.04 +16.68
#218 1MAHI-1-584.6M +4.09 +18.24
#219 1MAHI-1-584.6M +4.08 +18.09
#220 1MAHI-1-584.6M +4.02 +17.39
#221 1MAHI-1-584.6M +3.98 +17.29
#222 1MAHI-1-584.6M +0.34 +15.90
#223 1MAHI-1-584.6M +0.40 +15.63
#224 1MAHI-1-584.6M +0.38 +15.64
#225 1MAHI-1-584.6M +0.14 +16.04
#226 KK-HD-XAXB -3.79 +10.64
#227 KK-HD-XAXB -3.95 +10.85
#228 KK-HD-XAXB -3.90 +10.35
#229 1MAHI-1-582.0M +0.07 +13.82
#230 1MAHI-1-582.0M -0.55 +13.79
#231 1MAHI-1-582.0M +0.25 +14.23
#232 57HA-2-501.5M +2.94 +13.06
#233 57HA-2-501.5M +2.67 +4.65
#234 57HA-2-501.5M +1.60 +4.48
#235 57HA-2-501.5M +1.22 +1.58
#236 57HA-2-501.5M +0.71 +3.69
#237 57HA-2-501.5M +3.24 +4.47
#238 57HA-2-501.5M +3.70 +13.94
#239 KK-HD-XAXB -3.86 +9.61

Note: Data #0-#141 and data #2-1-#2-4 were sampled by 1 mm diameter drill, data #51-#528 were crushed using an alumina mortar, data #201-#239

were sampled by 0.4 mm diameter drill.

plagioclase with a small amount of epidote, quartz, and titanite
(Figure 4f). Allanite, apatite and a very minor amount of
iron-sulfide, sphalerite, and chalcopyrite are observed as accessory
minerals. Clinopyroxene occurs as coarse-grained crystals (up to
~1.5 mm in size) and contains calcite and quartz inclusions. Gros-
sular garnet has irregular morphology and often forms surrounding
clinopyroxene. It contains clinopyroxene, calcite, plagioclase, epi-
dote, and titanite as inclusions. These “skarn-like” mineral assem-
(Figure 3a,b)

5 carbonate-silicate rock is a reaction product between marble

blages and lithologies suggest that Type

and orthogneiss.

5.2 | Carbon and oxygen isotope compositions

Total 209 C-0 isotope analyses of calcites from 9 samples were per-
formed in this study (Table 2 and Figure 5). Analyses spots are shown

in Figures S1-513. Analyzed data show a wide range of §'°C [VPDB]
and 880 [VSMOW] values (from —4.42 to +4.19 %o and +1.58 to

+20.82 %o, respectively; Figure 5) as the same as the previous studies.
Isotope trends of each lithological group are described below.

521 | Type 1 marble
Type 1 marble (n = 103) has relatively constant and high §*°C values:
they are from +1.62 to +4.19 %o, and 92 out of 103 spots show
83C > +2.5 %o. On the other hand, 8*80 values show a large variation
(from +8.69 to +20.82 %o).

45EANG-1-627M (n = 25) has 8'°C values from +1.62 to
+4.19 %o and 580 values from +14.77 to +20.82 %o. Micro-sampling
(ms) #36 has the highest §*°C and §*20 values of this study (+4.19
and +20.82 %o, respectively). Low §1°C values (<+2.5 %o) are obtained
near the contact of greenish calc-silicate rock (<~2 cm from the con-
tact) (Figure 3e). 45EANG-1-631M (n = 9) shows relatively constant
8'3C and 80 values (from +2.28 to +2.85 %o and +13.18 to
+14.48 %o, respectively). 45EANG-1-647M (n = 27) has relatively con-
stant 8*3C values (from +3.05 to +3.91 %) with a wide range of §*0
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values (from +8.69 to +14.97 %o). IMAHAU-6-90.7M (n = 42) shows
§13C values from +2.24 to +3.98 %o and 680 values from +12.31 to
+14.58 %o. Any 53C-880 shift was not observed near the contact
part with greenish calc-silicate rocks from 45EANG-1-631M,
45EANG-1-647M, and 1IMAHAU-6-90.7M.

5.2.2 | Type 2 marble
Type 2 marble (n = 62) shows a moderate variation of 8'°C values
(from —0.10 to +4.09 %o) with a small variation of §*80 values (from
+13.16 to +18.83 %o).

1MAHAI-1-575M (n = 13) has nearly constant 8'°C (from
—0.10 to +1.97 %o) and 580 values (from +13.16 to +14.08 %o).
Its 8'°C values are relatively low, and two micro-sampling spots
(ms#123, #124) show negative §13C values (—0.10 and —0.02 %o,
respectively). 1IMAHAI-1-584.6M (n = 49) shows 8'°C values from
+0.02 to +4.09 %o and %0 values from +14.42 to +18.83 %o.
The samplings of the ms# 201-225 were performed at grain cores
and grain boundaries using a 0.4 mm diameter drill. The core and
the grain boundary of calcite crystals have similar §3C values. On
the other hand, 520 values of grain boundary parts are lower than
those of core parts (Figure 3b). Calcite crystals near graphites
(ms#201-#206, n = 6) have similar 53C and 520 values to other

sampling spots.

+20 +25 +30

813C = +4.19 %o (highest 81°C
values of this study: ms#36) and
580 = +25 %o. Interactions of
marble with silicate minerals
and/or aqueous fluids would
cause 50 shift. The 5180 values
lower than mantle value (~+5 %o)
imply an involvement of meteoric
water

523 | Type 3 marble

Type 3 marble of 1IMAHI-1-582.0M (n = 7) has relatively low §3C
values around 0 %o (from —0.55 to +1.11 %o) with 5§20 values from
+13.79 to +14.31 %o.

524 | Type 4 marble

Type 4 marble of 57HA-2-501.5M (n = 26) shows a moderate vari-
ation of §'3C (from +0.71 to +3.90 %o) and low 80 values (from
+1.58 to +13.94 %o). Near the brownish vein (ms#234, #235), low
580 values were observed (+4.48 and +1.58 %o, respectively).
Two samples which were sampled ~2 mm away from each other
(ms#232 and #233, #237 and #238) show large 880 differ-

ences (~9 %o).

5.25 | Type 5 carbonate-silicate rock

Type 5 carbonate-silicate rock (n = 11) is characterized by low §*°C
values (from —4.42 to —2.93 %o) and shows a small variation of 880
values (from +9.61 to +11.41 %o). Note that §'°C values of this sam-
ple are similar to the upper mantle value (~—5 %o). The ms#226,
#227, #228, and #239 were sampled from an area of 5x 5 mm



HARADA ET AL.

3
o
©
S
o
2
g
o
=
g3
] e 222.0+ 3.0 Ma
(20,n=4)
o
3
o
3L
s [ | ! | | | |
0.22 0.23 0.24 0.25 0.26 0.27 0.28
207Pb/235u
FIGURE 6 (a) Back-scattered electron (BSE) image including the

analyzed zircon grain. The zircon is closely associated with
wollastonite, calcite and quartz. (b) BSE (left) and
cathodoluminescence (CL; right) images of the analyzed zircon grain
with analyzed spots. Note that the CL was weak and unclear. (c) The
concordia diagram showing zircon U-Pb data. Data plotting and age
calculation were performed using IsoplotR (Vermeesch, 2018)

(Figure 3c). Since these isotope compositions are small variations
(8%3C = —3.95 to —3.79 %o; 880 = +9.61 to +10.85 %o), they have
nearly homogeneous §*3C and §*80 values within the area.
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5.3 | Srisotope ratios

Total 24 Sr isotope analyses were performed on calcite from selected
samples (Table 3). Overall analyzed calcites show a small variation
(0.707255-0.708220) of &7Sr/®Sr ratios, and there is no correlation
between C-O isotope data and 8Sr/8Sr ratios.

54 | Zircon U-Pb age

LA-ICPMS in situ U-Pb dating was performed for a euhedral zircon
(~200 pm in length) on a thin-section of 1IMAHI-1-575M (Figures 4c
and 6). The zircon is closely associated with wollastonite, calcite, and
quartz (Figure 6a). Although the zircon shows zonal texture on a BSE
image, a cathodoluminescence (CL) image of the zircon is unclear
(Figure 6b). The results of zircon U-Pb data are presented in Table 4
and are plotted on the concordia diagram (Figure 6c). The concor-
dance is defined as values of 100 % x (2°°Pb/?38U age)/(2°’Pb/?3°U
age), and analyzed spots have 94.9-98.9 % concordance. Hence, we
consider that obtained U-Pb isotope data are concordant. The
206pp /238 ages show 226-217 Ma, and the zircon shows low Th/U
ratios (0.04-0.09). The concordia age is 222.0 + 3.0 Ma (26, n = 4).

6 | DISCUSSION

6.1 | Age of crystallization

The CL image of the analyzed zircon is unclear, and the zircon does
not show a distinct oscillatory structure in the CL image in contrast
with a zoning in the BSE image (Figure éb). It is known that the zoning
features of zircon visible on CL image are not always consistent with
the features observed in the BSE image (e.g., McAleer et al., 2020). An
oscillatory structure in CL image is a common feature of the most
magmatic zircons (e.g., Corfu et al., 2003). Therefore, the lack of oscil-
latory structure prefers a metamorphic origin rather than a detrital
magmatic zircon. Significantly low Th/U values (0.04-0.09) also sup-
port the metamorphic origin. There is no textural evidence suggesting
a dissolution-reprecipitation process (e.g., Corfu et al., 2003). More-
over, there are some wollastonite crystals coexisting with the ana-
lyzed zircon grain (Figures 4c and 6a). In general, wollastonite is
formed by the reaction of calcite and quartz in calcareous rocks, which
is induced by a decrease of CO, content in fluid (i.e., decrease of Xco,)
and/or an increase of temperature (e.g., Bucher & Grapes, 2011;
Philpotts & Ague, 2009). The occurrence of wollastonite is rare in
other parts of this sample and also other samples, and the coexistence
of calcite + quartz assemblage and wollastonite (Figure 6a) is observed.
These imply that a fluid-involved recrystallization would have formed
both zircon and wollastonite. The occurrence of ekanite (U and Th rich
silicate mineral) in wollastonite-rich part (Figure 4c) indicates a local
enrichment of U and Th via infiltrating fluid. In addition, newly-formed
titanites also occur in the wollastonite-rich part, implying that the fluid

was enriched in high field strength elements such as Ti and Zr. These
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TABLE 3  Strontium isotope ratios (675r/2°Sr) of analyzed calcite

Analysis ID Sample name 875r/8%sr 26

#S1 KK-HD-XAXB 0.708209 0.000008
#S2 KK-HD-XAXB 0.707270 0.000010
#S3 KK-HD-XAXB 0.707264 0.000007
#S4 45EANG-1-627M 0.708136 0.000008
#S5 45EANG-1-627M 0.707807 0.000009
#S6 45EANG-1-627M 0.708071 0.000009
#S7 45EANG-1-631M 0.707905 0.000008
#S8 45EANG-1-647M 0.707861 0.000008
#S9 45EANG-1-647M 0.708028 0.000009
#S10 57HA-2-501.5M 0.707704 0.000008
#S11 57HA-2-501.5M 0.707707 0.000008
#S12 57HA-2-501.5M 0.707758 0.000008
#S13 1MAHI-1-575M 0.707751 0.000009
#S14 1MAHI-1-575M 0.707807 0.000007
#S15 1MAHI-1-575M 0.708050 0.000008
#S16 1MAHI-1-582.0M 0.708220 0.000008
#S17 1MAHI-1-584.6M 0.708139 0.000007
#S18 1MAHI-1-584.6M 0.708157 0.000009
#S19 1MAHI-1-584.6M 0.708062 0.000010
#S20 1MAHAU-6-90.7M 0.707299 0.000010
#521 1MAHAU-6-90.7M 0.707255 0.000008
#S22 1MAHAU-6-90.7M 0.707411 0.000009
#S23 1MAHAU-6-90.7M 0.707305 0.000009
#S24 1MAHAU-6-90.7M 0.707278 0.000009

facts also support the metamorphic origin of the zircon. In this study,
we prefer to interpret that the zircon age of 222.0 +3.0 Ma repre-
sents the timing of the recrystallization of marble, which was triggered
by H,O-rich fluid infiltration at a relatively high-temperature condi-
tion. However, the possibility cannot be also ruled out that the zircon
was a detrital grain entrapped in the protolith stage, and the zircon
age might have been reset during metamorphism (Yui et al., 2013;
Yui & Fukuyama, 2015).

Comparing with other geochronological studies in the Hida Belt
(Figure 7), our zircon U-Pb age (222.0 + 3.0 Ma) corresponds to a later
stage of the Permo-Triassic regional metamorphism (~260-230 Ma). A
large amount of the “Inishi”-type migmatite occurs around this drill hole
(Inishi area: e.g., Nozawa, 1952; Sakoda et al., 2006), and Sakoda
et al. (2006) reported the zircon U-Pb age (234.2 + 1.8 Ma) of the
migmatitic rock from the same borehole (1IMAHI-1 766.2-766.7 m).
Although our zircon U-Pb age is slightly younger than this age, an infil-
trating fluid which caused the wollastonite formation might have related
to the regional anatectic event in the Hida Belt.

6.2 | C-O isotope variations

The protolith of the Hida marble has been considered to be continen-

tal platform carbonate sediments because of the lithological features

LA-ICPMS U-Pb isotope data of a zircon in a thin-section of an impure marble (IMAHI-1-575M)

TABLE 4

Th/U

U(pug/g) Th(pg/g)
4381 197

372

576

26

207pp /206p age
354.8
2751

26

206pp, /238pp age
222.1

26
6.1

207pp /235y age

233.9
229.9
2234
223.5

26

207Pb/206pb

0.0536
0.0518
0.0512
0.0521

26

206py, /238
0.0350
0.0356
0.0348
0.0343

26

207p}, /235
0.259

Spot ID

0.045

38.1

51

0.0009
0.0009
0.0009
0.0009

0.0008
0.0008
0.0008
0.0008

0.008
0.007

0.075

4950

38.5

52
51

225.5

6.0

0.254

0.086

6682
3995

38.2

250.5
290.8

220.8
217.2

5.8
5.8

0.007

0.246
0.246

0.020

81

38.8

5.0

0.007
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of gneissose rocks and impurity of marbles (e.g., Isozaki, 1996, 1997,
Sohma & Kunugiza, 1993). Although the direct depositional age of the
protolith of the marble is unclear, based on the occurrence of Late
Carboniferous fossils of foraminifera and bryozoa from the Unazuki
“sub-belt” of the Hida Belt (Hiroi et al., 1978), we compare our data
with Late Carboniferous (Pennsylvanian) carbonate §*3C (Saltzman &
Thomas, 2012) and brachiopod §'%0 (Grossman, 2012) values as a
nominal reference of marine-carbonate C-O isotope values.

6.21 | Decarbonation reaction effects for §13C

values

Some samples contain a trace amount of graphite. Organic materials
which are the precursor of graphite usually show low §'°C values.
Organic materials and carbonate minerals exchange carbon isotope
between each other during diagenetic and metamorphic processes,
and the isotope exchange decreases the §'°C values of carbonates
and increases those of organic materials. However, because of the
very low abundance of graphite (<1 vol%), its effect for 8'°C values
would be negligible.

Investigated marbles and a carbonate-silicate rock usually contain
silicate minerals such as clinopyroxene and grossular garnet, and these
minerals can be formed by reactions (1) and (2), respectively. Note
that these reactions are decarbonation, which releases CO,. It has
been known that decarbonation reactions in carbonate rocks release
CO, with heavy C-O (i.e., high §3C and 580 values) and cause a sig-
nificant §*3C decrease and a moderate 520 depletion in residual car-
bonates (Valley, 1986). Therefore, it is plausible to consider that C-O
isotope compositions of all investigated samples are affected by
decarbonation reactions.

Can the characteristic §*°C values of Type 5 carbonate-silicate
rock be explained by decarbonation reactions? The effect of decar-
bonation reactions for isotope compositions can be modeled as two
end-member processes: “batch model” and “Rayleigh model.” The

batch model is that all fluids are evolved in a closed system

(i.e., generated fluid stays in a system). On the other hand, the Ray-
leigh model is the continuous exchange and removal of infinitely small
aliquots of fluid, each before the next volatilization (Rumble, 1982;
Valley, 1986). These two models are expressed as following

equations:

1. Batch model
8 =8~ (1-F)10%Inaa_gp

2. Rayleigh model

;-8 = 10° (o=t _1)

where R; and R¢ are initial and final isotope ratios of the rock, &
and &} are initial and final isotope compositions of the rock (& nota-
tion), F is mole fraction of the element of interest that remains in the
rock after reactions, aa_g is the isotope fractionation factor (A: fluid,
B: mineral).

We calculated Rayleigh and batch decarbonation models using
Chacko et al's (1991) fractionation factor at 700 °C. Here, we
assumed that the initial §*80 value (5%%0;) is +25 %o, and the initial
§3C values (5%°C) are +4.19 (highest §°C values of this study:
ms#36), +2, and O %o (Figures 5 and 8). Regardless of initial §*°C
values, if decarbonation reactions proceed, low 8'3C values of Type
5 carbonate-silicate rock can be explained by the Rayleigh decarbon-
ation process (Figure 8). This is also supported by petrological features
such as the fact that Type 5 carbonate-silicate rock is rich in silicate

minerals and poor in calcite.
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FIGURE 8 Rayleigh and batch decarbonation effects for carbon
and oxygen isotope compositions. Using Chacko et al.'s (1991)
fractionation factor at T = 700 °C. (a) §*20 versus F(O) diagram. The
initial 5120 value (5*20)) is +25 %o (based on the Pennsylvanian
brachiopod 880 values). (b) §*3C versus F(C) diagram. Assumed initial
513C values (53C;) are +4.19 (highest §*3C values of this study:
ms#36), +2, and 0 %o

Some analyses of other types of marbles show relatively low §3C
values (~0 %o), and all types of marbles contain metamorphic
clinopyroxenes. Although §*3C values of Type 1-4 marbles are within
the range of marine-carbonate, therefore, decarbonation reactions

might have slightly affected the isotope compositions of all samples.

6.2.2 | Isotope exchange with silicate minerals and
aqueous fluids

There is a contradiction that the Rayleigh decarbonation model can-
not make a large 580 shift due to so-called “calc-silicate limit”
(Valley, 1986). Thus, other processes to cause a large 5§80 shift are
needed.

As 580 values of silicate minerals are generally lower than that
of marine-carbonate, an isotope exchange between silicate and car-
bonate minerals is a possible mechanism for 580 decrease at the
nearly constant s8¢C (e.g., Cook-Kollars et al, 2014; Epstein
et al., 2020; Henry et al, 1996; Piccoli et al., 2016). If so, the
carbonate-silicate isotope exchange would affect 8*0 values of Type

2 marble, which contains a large amount of silicate minerals. In addi-
tion to silicate content, it also depends on the P-T condition and the
volume of fluid. In contrast, the carbonate-silicate isotope exchange
would have no significant contribution to §*20 values of Type 1 mar-
ble due to its low abundance of silicate minerals. However, Type
1 marble shows a large 520 variation and has low &80 values
(Figure 5). Thus, the oxygen isotope exchange with silicate minerals
would not have been a major process to modify §%0 values of
calcites.

An interaction between the marble and externally-infiltrating
H,O-rich fluids during the regional metamorphism can be an alter-
native hypothesis. Since the isotope fractionation factor becomes
smaller at higher temperatures, 880 values of marble change to
580 values similar to infiltrating fluids at a high-temperature con-
dition. Therefore, the oxygen isotope exchange with low §20
hydrothermal fluids (e.g., magmatic fluid) at a high-temperature
condition of the regional metamorphism would cause a large
decrease in 580 values of all types of samples (Figure 5). The
580 depletion along the grain-boundary of coarse-grained calcite
crystals (1IMAHI-1-584.6M: Type 2) supports the fluid infiltra-
tions. It is well known that the H,O-rich fluid infiltration can
cause a large 5180 shift (e.g., Bickle & Baker, 1990; Nabelek
et al., 1984). This process would be a main process to modify
580 values of all types of samples. Moreover, high §*3C values of
Type 1 marble suggest that infiltrating aqueous fluids which cau-
sed a large 5180 variation of Type 1 marble did not influence their
513C values. Hence, the effect of isotope exchange with fluids for
5'3C values was probably small. One of the possible external fluid
sources is the dehydration of hydrous minerals in amphibolitic
lithologies associated with marble. Moreover, syn-metamorphic
granitic intrusions and the ~222 Ma zircon forming fluid infiltra-
tion might be a source of magmatic fluids.

Based on the oxygen isotope fractionation factor between H,O
and calcite (e.g., O'Neil et al., 1969; Zheng, 1999), 580 values of cal-
cite have to be higher than those of H,O. Thus, the observed §%0
values of Type 4 marble cannot be explained by only the isotope
exchange with magmatic fluids of igneous 880 values (~+5 %o). Sig-
nificantly low 820 values of Type 4 marble would be attributed to
the interaction with meteoric water with extremely low 880 values.
Fe-rich clinopyroxenes occur at secondary cracks and have high MnO,
which might have correlated to the ore deposit forming metallogenic
fluids (Kunugiza, 1999). Shimazaki and Kusakabe (1990) suggested
that the Kamioka Mine was formed by the fluid circulation of mag-
matic and meteoric fluid mixtures. This supports that the infiltration
of the ore forming hydrothermal fluids including meteoric water at
later stage would have formed the low 880 calcites in Type
4 marble.

It is plausible to consider that the interaction between the
marbles and externally-infiltrating H,O-rich fluids made the varia-
tion of 8'80 values. However, the pre-metamorphic isotope het-
erogeneity including the effect of diagenesis and the interaction
with meteoric water before the metamorphism cannot be

excluded. In fact, it is suggested that some marbles preserve pre-
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FIGURE 9 (a) Strontium isotope ratios (8”Sr/8°Sr) and oxygen

isotope compositions (§180) of marble in this study. The black flame
shows late Carboniferous (Pennsylvanian) seawater 875 /85
(McArthur et al., 2001) and brachiopod 50 ranges

(Grossman, 2012). The range of Phanerozoic seawater 8/Sr/8%Sr range
is also shown. 875r/8%Sr ratios of marble are plotted within the range
of Phanerozoic seawater. (b) 87Sr/8Sr ratios of other lithologies in the
Hida Belt. Metagabbro, metatonalite and aplite are from the
Urushiyama area (Arakawa, 1984). The older granite includes the
Yatsuo intrusion (Arakawa, 1990a) and the Hayatsukigawa intrusion
(Arakawa, 1990b). The younger granite includes the Okumayama and
the Kegachidake intrusions (Arakawa, 1990b). Initial 87Sr/®%Sr ratios
of metagabbro, metatonalite and the older granite are at 222 Ma,
those of the younger granite are at 191 Ma (Takahashi et al., 2010)
and those of the aplite are at 172 Ma (Arakawa, 1984)

metamorphic C-O isotope signatures (e.g., Boulvais et al., 1998;
Rumble et al., 2000).

6.3 | Srisotope signature

875r/8Sr ratios of 10 samples (#S1, #S3, #S4, #S6, #514, #S15,
#S16, #S17, #518, and #S522) are within the range of Pennsylva-
nian seawater &7Sr/%%Sr ratio (McArthur et al., 2001), but those of
other samples display lower values. Since the gneissose and gra-
nitic rocks in the Hida Belt generally have 8Sr/8¢Sr ratios lower
than those of marble in this study (e.g., Arakawa, 1984, 1990a,
1990b) (Figure 9), the effect of external fluids derived from such
lithologies may potentially modify the 87Sr/¢Sr ratios of marble
away from the protolith values. However, the 8Sr/%¢Sr ratios of
the marble show no clear correlation with the C-O isotopes as
well as lithological variations. This suggests that the effect of such
fluids was limited, and the observed 87Sr/8%Sr ratios might be close

to their protolith values.

Perspectives

In general, decarbonation reactions are induced by a temperature
increase and/or a Xco, decrease (e.g., Bucher & Grapes, 2011;
Philpotts & Ague, 2009). In the case of the Hida Belt, some meta-
carbonate rocks with a significant modal volume of silicate min-
erals, such as Type 5 carbonate-silicate rock, show low §°C
values (~—5 %o), whereas other types of samples are within the
range of marine-carbonate values (~0-+4 %.). When the carbon-
ates react with silicates under the presence of H,O-rich aqueous
fluids at the condition of upper amphibolite-facies, decarbonation
reactions occur and modify §*3C values of marbles in the Hida
Belt. On the other hand, marble with few silicate minerals can
retain initial §1C values. In any case, the impure features of mar-
ble potentially cause a large change in 8'°C values. The large vari-
ation of §'C values of marble that has been modified by
decarbonation reactions during deep continental subduction
might affect the carbon isotope heterogeneity in the mantle
(e.g., Deines, 1980; Palot et al., 2012; Spetsius et al., 2009, 2017).

The Rayleigh model of decarbonation reactions causes a
decrease of carbon (CO,) content in calcareous rocks as the reac-
tion proceeds. In other words, the decarbonation reactions not
only change 8'3C values of carbonate minerals, but also control
the input of carbon for the deep carbon cycle. The §'3C values
can change systematically with decreasing bulk carbon contents
in carbonate rocks via decarbonation reactions (Valley, 1986).
Therefore, if the decarbonation-induced §'3C change can be
approximated quantitatively in orogen-scale, the amount of CO,
released from the process can be estimated. To further our under-
standing of the effect of deep subducting marble, a more quanti-
tative approximation on orogen-scale isotope changes is required

than that documented in previous studies.

7 | CONCLUSIONS

e C-0O isotope analyses of upper amphibolite-facies marbles and a
carbonate-silicate rock from the Hida Belt, Japan found a large
variation of 8'3C [VPDB] values (from —4.4 to +4.2 %) and %0
[VSMOW] values (from +1.6 to +20.8 %o).

e Low 8%C values of the carbonate-silicate rock (from —4.4 to
—2.9 %o) can be explained by decarbonation (CO, releasing) reac-
tions. The occurrence of metamorphic clinopyroxene in all types of
samples indicates that all samples have been affected by decarbon-
ation reactions.

e A zircon associated with wollastonite in marble yields U-Pb age of
222.0 + 3.0 Ma, which likely represents the timing of the recrystal-
lization of marble, triggered by H,O-rich fluid infiltration at a rela-
tively high-temperature condition.

e The large 80 variations can be explained by the isotope
exchange via interactions between marble and external magmatic
and metamorphic fluids and/or silicates. In addition to these pro-

cesses, remarkably low 520 values (from +1.6 to +13.9 %o) of
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some marbles would have been affected by the interaction with
meteoric water at a later stage.
e Srisotope ratios (87Sr/8¢Sr = 0.707255-0.708220) might be close

to their protolith values.
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Table S1:

Type Type 1 Type 2 Type 3 Type 4 Type 5

Sample 45EANG-1-647TM 1MAHI-1-575M 1MAHI-1-584.6M 1MAHI-1-582.0M 57THA-2-501.5M KK-HD-XAXB

No. 12 (core) 2% 32 (rim) 1 2 3 1 2 3 1 2 1 22 32 42 12 22 32
wt%

SiO2 54.47  53.05 52.13  53.10 53.05 53.33 53.73 55.06 55.14  52.83 52.86 55.17 51.20 51.29 5442 51.56  52.47  51.22
TiO2 — 0.12 0.06 — — — 0.01 0.01 0.02 0.02 0.03  0.05 — — — — — —
Al O3 0.67 1.18 0.96 0.42 0.41 0.41 0.26 0.33 0.37 0.12 0.53 1.01 — 0.32 1.07 0.64 0.36 0.78
Cry03 0.15 — 0.06 0.06 — 0.05 — 0.03 — — — 0.00 — — — — — —
FeO* 2.60 7.42 11.21 1254 11.33  11.10 9.25 6.27 4.10 14.92 14.14 288 17.12 14.24 3.04 17.32 14.27 1649
MnO 0.00 0.17 0.31 0.18 0.25 0.21 0.30 0.13 0.06 0.28 0.27 0.12 1.92 3.26 0.47 — 0.23 0.61
MgO 16.70  13.21 1099 10.10 10.99 11.10 1250 14.02  15.50 8.79 9.07 15.68 5.89 6.64 15.43 7.20 9.43 8.14
CaO 25.34  24.74 24.18  23.84 2354 2376 2392 24.08 24.71 2341 23.31 24.21  23.87 2422 2520 2328 23.04 22.77
NasO 0.07 0.10 0.10 0.32 0.43 0.34 0.09 0.17 0.16 0.08 0.18 047 — 0.03 0.37 — 0.20 —
K20 — 0.01 — 0.05 0.09 0.05 — — — 0.01 — 0.08 — — — — — —
Total 100.00 100.00 100.00 100.60 100.08 100.35 100.05 100.09 100.05 100.44 100.38 99.68 100.00 100.00 100.00 100.00 100.00 100.00
0= 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Si 1.986 1.977 1.978  2.009 2.007 2.009 2.012 2.027 2.015 2.021 2.015 2.012 2.012 2.002 1.990 2.004 2.010 1.987
Ti 0.000  0.003 0.002 — — — 0.000 0.000 0.001 0.000 0.001 0.001 — — — — — —
Al 0.029  0.052 0.043 0.019 0.018 0.018 0.011 0.014 0.016  0.005 0.024 0.044 — 0.015 0.046 0.029 0.016 0.036
Cr 0.004 — 0.002  0.002 — 0.001 — 0.001 — — — 0.000 — — — — — —
Fe?t 0.079  0.231 0.356  0.397 0.358 0.350 0.290 0.193 0.125 0.477 0.451 0.088 0.563 0.465 0.093 0.563 0.457 0.535
Mn — 0.005 0.010  0.006 0.008 0.007 0.009 0.004 0.002 0.009 0.009 0.004 0.064 0.108 0.015 — 0.008 0.020
Mg 0.907  0.734 0.621 0.570 0.620 0.624 0.698 0.769  0.844 0.501 0.515 0.852 0.345 0.386 0.841 0.417 0.538 0.471
Ca 0.990  0.988 0983 0.966 0.954 0.959 0.959 0.950 0.967 0.959 0.952 0.946 1.005 1.013 0.988 0.969 0.946 0.946
Na 0.005  0.007 0.007  0.023 0.031 0.024 0.006 0.012 0.011  0.006 0.013 0.034 — 0.002 0.026 — 0.015 —
K — 0.000 0.000  0.003 0.004 0.002 — — — 0.001 — 0.004 — — — — — —
Total 4.000  3.998 4.002  3.994 4.001 3.995 398 3.971 3.982  3.979 3.979 3.984 3988 3.992 4.000 3.982 3.989 3.995
Mg # 0.92 0.76 0.64 0.59 0.63 0.64 0.71 0.80 0.87 0.51 0.53 0.91 0.38 0.45 0.90 0.43 0.54 0.47
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